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Introduction
Systemic lupus erythematosus (SLE) is an auto-immune disease characterized by a plethora of clinical presentation and cycles of reactivation and remission. The disease is often diagnosed between the ages of 15 to 35, with substantially more women being afflicted (male/female ratio is 9:1) [1] . Although genetic and environmental factors are believed to play an important role in its pathogenesis, identifying specific disease triggers remains elusive, hampering further development of specific therapy.
Circulating anti-dsDNA antibodies are hallmark features of SLE [2] . These antibodies are considered to be pathogenic and represent high-avidity IgG isotypes reacting specifically with dsDNA [3, 4] . Consistently detected in the serum, anti-dsDNA antibodies become a reliable marker for SLE diagnosis and are used as key criterion for disease classification [5, 6] . Persistent circulation of anti-dsDNA antibodies suggests that autoimmunity to nucleic acid containing molecules is essential for SLE pathogenesis. In addition to dsDNA, histones, ribonucleo-proteins and dsRNA have been shown to be targets for immune response in SLE [6] [7] [8] .
Recently, potential immunogenicity of peroxy-nitrite modified mitochondrial DNA (mtDNA) has been shown in SLE [9] . Additionally, increased serum level of mtDNA was detected in patients diagnosed with various neurodegenerative disorders, such as autism, Parkinson disease and multiple sclerosis [10] [11] [12] . Several authors have suggested that mtDNA can act as trigger points for the development of autoimmune disorders as well [10, 13] . Although immune reactivity towards nucleic acids is well established, it remains to determine which type of nucleic acids are more immunogenic in SLE.
There are two sources of nucleic acid auto-antigens in SLE: apoptosis and NETosis [14, 15] . Increased apoptosis of T lymphocytes, neutrophils, monocytes and macrophages has been documented in SLE cases [16] [17] [18] . Recently, NETosis has been described in association with pediatric SLE [19] . Normally, genetic material released during apoptosis and NETosis is rapidly and effectively cleared by phagocytosis [20] . Swift clearance of apoptotic material is important to maintain immune tolerance to self-antigens. However, during SLE, clearance of genetic material is delayed leading to subsequent accumulation of apoptotic cell debris, which can provoke inflammatory response and breakdown of self-tolerance [21, 22] . Impaired clearance of neutrophil extracellular traps (NETs) has been described in SLE cases as well [23] . It has been suggested that reduced degradation of NETs is associated with decreased DNAse I activity which is often observed in SLE [24] . Taken together, massive release of genetic material in combination with its slow clearance facilitates inflammation and can potentially breach self-tolerance.
Many nuclear auto-antigens associated with SLE are found within apoptotic blebs [25] [26] [27] . Importantly, apoptotic blebs contain modified DNA and RNA molecules, which can be recognized as foreign by immune effector cells and trigger inflammatory reactions. Although all types of nucleic acids could be potential auto-antigens in SLE, little is known regarding the different immunoreactivities of antibodies to genomic DNA, mtDNA and RNA molecules in this disease. Here we present data on serum antibody immunoreactivity to various nucleic acids in SLE subjects. Our data suggest that sera from subjects with SLE have the highest reactivity to RNA followed by mtDNA and then total DNA. Further studies will be required to reveal clinical significance of this differential immunoreactivity.
Materials and Methods

SLE sera samples
Twelve subjects who were admitted to the Kazan Medical Academy, Republic of Tatarstan, were enrolled into this study. Diagnosis of SLE was established based on clinical presentation and presence of anti-nuclear antibodies (ANA). Sera from 8 healthy individuals were collected and served as our controls. All sera were heat inactivated (56 °C; 50 min). The Institutional Review Board of the Kazan Federal University approved this study and informed consent was obtained from each study subject according to the guidelines 
Extraction of nucleic acids
Total DNA and RNA were isolated from HEK cells using Quick-gDNAMiniPrep and Quick-RNA™ MidiPrep kits, respectively, according to manufacturer's instructions (ThermoFisher Scientific). RNA samples were treated with DNAse I (ThermoFisher Scientific) to eliminate potential DNA contamination and mtDNA was isolated using the Quick-gDNAMiniPrep kit (ThermoFisher Scientific) according to manufacturer's instructions. Briefly, HEK cells were resuspended in isolation buffer (0.3 M mannitol, 0.1% BSA, 0.2 mM EDTA, 10mM HEPES, 1X protease inhibitor cocktail; pH 7.4) and homogenized for 1 min. Cytosolic and nuclear fractions were then separated by centrifugation (1000 g at 4 °C; 10 min) and supernatants were further centrifuged to pellet the mitochondrial fraction (14,000 g for 20 min at 4 °C) The pellet was then extracted using the Quick-DNA™ MiniPrep kit (ThermoFisher Scientific), to yield enriched mtDNA.
Enzyme-linked immuno-sorbent assay (ELISA)
Serum immunoreactivity to nucleic acids was determined using a modified ELISA method. Briefly, polystyrene plates were ultraviolet (UV) irradiated for 2 hours before use. Plates were coated with total RNA, DNA and mtDNA (1 μg/well; citrate buffer (0.2 M citric acid, 0.1 M sodium hydrophosphate, pH 5.0) and incubated overnight at 37°C. At the end of the incubation, the plates were washed (3x) using phosphatebuffered saline (PBST; 0.1% tween 20) and blocked (5% BSA in PBS) for 2 hours at 37°C. The plates were again washed (3x), and incubated with 100 μl of heat-inactivated serum (56°C; 50 min) for 90 min at 37°C followed by incubation at 4°C for 30 min. The plates were again washed (3x), and incubated with HRPconjugated goat anti-human IgG antibodies (100 μl/well; 1:25000) for 1 hour at 37°C. The plates were developed using TMB peroxidase substrate and the optical density (OD) was measured at 450 nm. Each experiment was repeated four times.
Polymerase chain reaction (PCR) analysis
Aliquots (50 ng) of DNA extract were used for all PCR analyses. The presence of mtDNA in the template was confirmed by amplification of PCR products using primers for human cytochrome oxidase subunit I (СOI) [28] . Also, primers for the gene coding for 18S rRNA were used to detect presence of genomic DNA. Primer sequences are summarized in Table 1 . Each PCR reaction mixture (30 μl) consisted of 1x PCR buffer, 1 mmol/l MgCl 2 , 200 mmol/l of each deoxynucleotide triphosphate, 2.5 U Taq DNA polymerase and 100 ng of each amplification primer. All PCR reagents were purchased from Applied Biosystems, (Carlsbad, CA). Amplification products were separated in 1% agarose gels containing ethidium bromide and confirmed by sequencing.
Statistical analyses
Data are presented as Mean ± SE. Statistical analyses were performed using Mann-Whitney p-test for comparisons between individual experimental groups. Significance was established at a value of p≤ 0.01.
Results
Quality analysis of genomic DNA, mtDNA and RNA extracts from HEK cells
In order to confirm the integrity and quality of nucleic acid preparations, samples from three preparation methods were analyzed by gel electrophoresis (Fig. 1) . High molecular weight products, representing total DNA, were prepared using the Quick-gDNAMiniPrep kit (Fig. 1A) . Two bands corresponding to 18S and 28S RNA were observed for samples 
prepared using the Quick-RNA™ MidiPrep kit (Fig. 1B) . Finally, bands t and b, representing intact mtDNA, were observed upon analysis of the differential centrifugation preparation (Fig. 1C) . Electrophoretic analysis confirmed the identity and the integrity of each respective nucleic acid preparation.
In order for confirm the purity of the mtDNA preparation; we utilized PCR analysis to determine the presence or absence of genomic nucleic acid (Fig. 2) . When mtDNA used as the PCR template, a band consistent with a COI amplification product was observed, and confirmed by sequencing (Fig. 2, line 1) . However, an amplification product for DNA coding for rRNA was absent, thus confirming the absence of contaminating genomic DNA (Fig. 2, line  2) . Furthermore, when total DNA was used as the template, a PCR product was detected for rRNA confirming presence of genomic DNA (Fig. 2, line 4) . As expected, mtDNA was present in the total DNA extract, as confirmed by amplification product using the COI primers (Fig.  2, line 3) . Therefore, we concluded that although some mtDNA contamination was present in the total DNA extract, there was no genomic DNA contamination present in the mtDNA preparations.
ELISA analyses of sera immunoreactivity to various nucleic acids
Immunoreactivity of sera to different nucleic acids preparations was analyzed by ELISA for SLE cases and healthy donors. Healthy donor sera revealed low immunoreactivity to all nucleic acid preparations tested (Fig. 3) . Immunoreactivity of sera from SLE cases to mtDNA Fig. 1 . Quality analysis of nucleic acid extracts. Total DNA, total RNA and mtDNA were separated using 1% agarose gel. Nucleic acids were visualized using ethidium bromide. А -genomic DNA, B -total RNA, С -mitochondrial DNA. 1 -DNA ladder, 2 -nucleic acids. and RNA was significantly higher when compared to that in healthy controls. Interestingly, immunoreactivity of SLE sera to RNA was more than 2-fold higher than that of healthy controls (0.51 ± 0.02 vs 0.26 ± 0.07, respectively). Although the immunoreactivity of SLE sera to total DNA differed significantly as compared to healthy controls (Fig. 3) , the overall values, on average, differed only by 1.18-fold (0.52± 0.07 vs 0.44 ± 0.02) between SLE and the healthy control group. Overall, a greater number of sera from SLE subjects showed immunoreactivity with nucleic acids as compared to sera from healthy subjects. For example, seven SLE cases (58.3%) displayed immunoreactivity to all nucleic acid preparations used in this study ( Table 2 ). In contrast, only one serum sample (12.5%) from a healthy donor reacted with all Fig. 3 . Immuno-reactivity of serum from SLE cases and healthy donors to mtDNA, total RNA and total DNA. A. Affinity of serum samples to various nucleic acids was analyzed using ELISA method. Total DNA, total RNA and mtDNA were isolated from HEK cells and used as target antigen. dark gray bar -healthy donor's serum (n=8); light gray bars -SLE serum (n=12); 1 -mtDNA; 2 -total RNA; 3 -total DNA. B. Affinity value of serum antibodies of SLE patients and healthy donors to investigated nucleic acids (NA) by ELISA test. (*) -significance different between SLE patients and healthy donors, p≤ 0.01. Mann -Whitney U-test was used. (Table 2) . However, when sera were analyzed for reactivity to each individual type of nucleic acid preparation, more SLE sera samples were found to react with mtDNA (83%) as compared to healthy controls (62.5%). However, number of sera samples from SLE and healthy control reacting with total DNA and RNA was compatible (58.3% vs 50% and 66.7 vs 50%, respectively) ( Table 2) . Therefore, we conclude that the anti-nucleic acid antibody pool in SLE sera is more heterogeneous as compared to that in healthy donors. SLE serum has higher immunoreactivity to mtDNA. Also, frequency of anti-mtDNA antibody is higher in SLE cases than in healthy controls.
Discussion
In this report, we have shown that sera from SLE cases are immunoreactive to RNA, mtDNA and total DNA. Additionally, we have shown that the observed immunoreactivity is hierarchic in nature with the highest immunoreactivity observed to RNA, followed by mtDNA and then total DNA. Although significantly different between cases and controls, mean values for total DNA immunoreactivity were not striking. The presence of serum anti-RNA and anti-DNA antibodies characterize SLE [8, 29, 30] . It is believed that an increased rate of apoptosis results in a massive release of enzymatically modified nucleic acids in SLE. Subsequently, these modified nucleic acids are recognized as "foreign" by immune effector cells, thus triggering immune response [9, 31, 32] . Previous studies have reported that these DNA fragments have unusually high GC and dinucleotide CpG content [33] [34] [35] , consistent with the immune complexes isolated from the sera of SLE cases [36] . Other studies have reported that sera from SLE cases are immunoreactive to CpG and C+G rich DNA fragments [34, 36] . Furtheremore, it has been shown that in addition to a high CpG content, low level of methylation is a distinctive feature of DNA fragments detected in SLE sera [37] . Taken together, these data suggest that DNA fragments in the sera of SLE cases can be characterized by high CpG content and hypomethylation.
It is believed that the high levels of circulating DNA associated with SLE are the result of increased apoptosis [36] , however, key features of DNA fragments are not consistent with genomic origin. Therefore, the exact origin of these DNA fragments remains obscure. Our data suggest that the sera from SLE cases are immunoreactive to mtDNA to a greater extent than total DNA. Interestingly, the physical characteristics of mtDNA closely resemble those described for DNA fragments found in SLE serum. For example, a distinct physical characteristic of mtDNA is a low level of methylation. In fact, Hong et al. reported that CpG methylation is not observed in mtDNA at a biologically meaningful level [38] . Although the difference is small, the CG content of mitochondrial DNA is higher than that of genomic DNA (44% vs 42%, respectively). We suggest that mtDNA may play role in pathogenesis of SLE, serving as an antigen for humoral immune activation and subsequent formation of immune complexes. In support to this assumption, Collins et al. demonstrated that intra-articular injection of mtDNA induced arthritis in an animal model [39] . In contrast, an inflammatory reaction was absent when the animals were injected with genomic DNA. Furthermore, the authors demonstrated that low-level methylation of mtDNA is essential for activation of inflammation [39] . In conclusion, the authors suggested that mtDNA might play a role in pathogenesis of arthritis, since it has been detected in the synovial fluid of subjects with rheumatoid arthritis but not of control subjects. In that mtDNA displays inflammatogenic properties and activates leukocytes to produce proinflammatory cytokines, we suggest that mtDNA might play a role in the initiation of inflammation as well as formation of pathognomonic immune complexes in SLE cases.
Over expression of type I interferon is a hallmark of SLE [40, 41] . Plasmacytoid dendritic cells (pDC) are the principal producers of type I interferon (IFN) [42] . Expression of IFNα is initiated through engagement of toll-like receptors (TLR) 7 and 9 when stimulated with single stranded RNA and non-methylated CpG DNA, respectively [43] [44] [45] . Recently, the presence of immunostimulatory motifs on mtDNA has been reported by Reis et al. [46] . The authors Ivanova et 
demonstrated that mtDNA fragments can be spontaneously taken up by pDCs and processed through the TLR9 associated endosomal maturation pathway [46] . Furthermore, mtDNA, especially its unmethylated CpG islands, exhibited strong immunostimulatory activity and IFNα production. Therefore, we propose that mtDNA may play role in activation of pDCs and increased production of IFNα.
Conclusions
Our data demonstrate that the sera from SLE cases display a greater immunoreactivity to total RNA and DNA when compared to healthy controls. Additionally, significantly higher levels of immunoreactivity to mtDNA were observed for the sera of SLE cases when compared to healthy controls. Finally, the sera from more than half of all SLE cases (58.3%) demonstrated immunoreactivity to all types of nucleic acid preparations as compared to only one serum sample (12.5%) from a healthy donor. In that a greater number of SLE cases displayed immunoreactivity to mtDNA when compared to healthy controls, we conclude that mtDNA may play role in pathogenesis of SLE. This assumption is corroborated by the recent report of pDC activation by mtDNA leading to the production of IFNα.
